Suneroxide dismutase activitv was determined in blood and lung ;issue from adults and varibus infant groups. Enzyme activity in human fetuses and infants was significantly lower than in adults. Similarly, S O D activity was related to age in rats and rabbits with much lower activity found in late fetal animals cornpared with the adult animals. No significant differences in enzyme activity, however, were seen between (I) infants with I R D S / H M D and their premature peers without I R D S / H M D and between (2) premature infants and full term infants.
tion from [14C]leucine was less than that from alanine, and also decreased with age. Three-day-old rats showed no change in serum glucose when starved for 4 hr. On the other hand, 19-day-old rats responded with a decrease in serum glucose; although the adult animal's basal level of serum glucose was less than that of the 19-day-old rats, starvation for 15 hr also caused a significant decrease. There was no statistically significant difference in liver glycogen concentration between the fed and starved 3-day-o!d animals. Liver glycogen concentration in the 19-day-old adult rats was affected, however, by starvation. The 3-day-old rat showed no significant change in incorporation of labeled amino acids into liver glycogen during starvation. Starvation resulted in a tremendous increase in the specific activity of hepatic glycogen in the 19-day-old and adult rats.
Starvation decreased the percentage of labeled amino acid expired as 14C0,. The proportion expired also decreased with age.
Urinary nitrogen concentration increased significantly between 3 and 19 days of age. Starvation produced differential effects in the animals, with no change being observed in either the 3-day or adult rats; a decrease was observed in the 19-day-old animals. Urinary nitrogen concentration was measured in adult carbohydratedeprived rats and was significantly higher than control values. These rats had a high gluconeogenic rate, reflected in the increased urinary nitrogen concentration.
The young rat is at the mercy of a continuous supply of substrate in that it has a limited capacity for directing substrate flow within the liver in response to dietary changes.
Speculation
The relatively high dietary protein requirement for the neonatal rat may be a reflection of the utilization of amino acids not only for protein synthesis, but also for energy, as well as the need to conserve nitrogen as a source of nucleic acids for hyperplastic growth.
The utilization of dietary amino acids for synthesis of structural and functional proteins is of unquestionable importance during the early development of the growing animal. Miller (26) examined the rates of protein synthesis in various organs of the neonatal rat and observed distinct patterns of uptake of ["C]leucine into total organ protein, which coincided with an increase in the size of the total tissue free amino acid pool. Munro (30) has advanced the hypothesis that a change in the size of the free amino acid pool regulates tissue protein synthesis; it therefore becomes important to determine factors which in turn regulate the size of the pool. An increase in the concentration of tissue amino acids may be a reflection of several components of a regulated system. These may include an increased supply of dietary amino acids, a change in the catabolic rate of particular amino acids or hepatic proteins, and/or a change in their utilization.
Among the significant uses for amino acids during the early phase of life is gluconeogenesis. Hepatic gluconeogenesis is known to operate at a high basal rate early in postnatal development of the rat. Liver enzymes associated with gluconeogenesis appear postnatally (3, 4, 6, 10, 32, 35, 45) , and phosphoenolpyruvate carboxykinase (EC. 4.1.1.32), reportedly the rate-limiting enzyme in the gluconeogenic pathway (25) , has been demonstrated to exhibit greater activity in the suckling animal than in the adult. I n vitro studies with 14C-labeled substrates (39) and an in vivo study with [14C]lactate (42) have demonstrated that infant rat liver is highly active in the conversion of noncarbohydrate precursors to glucose and glycogen. Thus far, no definitive information quantitating the in vivo importance of this pathway in the neonatal rat using amino acids as precursors has been available.
T o investigate this problem, we used 3-day-, 19-day-, and 3-month-old rats to study the in vivo distribution of orally administered ["Clleucine or [14C]alanine into CO, and liver glycogen under fed and starved conditions. We also examined the activity of hepatic PEPCK under these conditions.
METHODS AND MATERIALS
A N I M A L S All rats used in these studies were of the Sprague-Dawley strain from the Charles River Breeding Laboratories, Wilmington, Mass. Lactating mothers with I-day-old pups were shipped to our animal facilities. Litters were randomized and culled to eight pups, and animals were housed individually in plastic tubs with a bedding of wood chips and covered with wire mesh tops. The room was temperature (68 72" F) and humidity (50%) controlled, and lights were on from 6:00 A M to 6:00 P M . Animals were provided with diet (46) and tap water ad libitum. Those rats to be studied as adults were weaned at 21 days and placed in individual wire cages with food and water provided ad libitum. They were weaned on one of two agar gel diets: our standard 25% casein diet (46) or a high f2t, low carbohydrate diet (47) , resembling rat's milk in composition (1 1).
The activity of hepatic PEPCK was investigated in 3-and 19-day-old animals during a 6-hr starl~ation period. Periods of starvation were imposed by placing 3-day-old rats with nonlactating foster mothers; the 19-day-old pups were removed from their lactating mother and placed in cages without access to food. Starvation began at 4:00 A M , with pups starved at hourly intervals thereafter. All pups were killed at 10:OO A M , including pups who had remained with lactating mothers until the time of death. Pups were decapitated and the livers removed, weighed, and frozen on Dry Ice; livers were stored at -40' until the time of assay. Single livers were used for enzyme determinations, and three pups were included in each group.
T o follow the distribution of orally administered uniformly labeled ["Clleucine (327 mCi/mmol) or [14C]alanine (156 mCi/ mmol) (48) into CO, and liver glycogen, we studied animals of 3 days, 19 days, and 3 months of age. Each group was further subdivided into "fed" and "starved" (49) .
Three-day-old rats were considered to be fed when they were removed from the nest 1 hr before administration of the radioactive amino acid and the start of CO, collection. They were fed 0.5 FCi "C-amino acid in 0.2 ml of 10% protein formula (50) by intubation (29) . They were placed, individually, in a glass metabolism cage (details given below) and then killed by decapitation. Starved rats were also removed from their lactating mother I hr before the beginning of the experiment, but received 0.5 FCi labeled amino acid in 0.2 ml distilled water.
The 19-day-old rats were similarly treated, receiving 1.0 FCi labeled amino acid in 0.5 ml formula or distilled water. Fed rats were trzated as were the 3-day-old rats; starved rats were without food for 15 hr before the administration of radioactive amino acid.
Adult animals, 3-4 months old, had been weaned at 21 days on one of two diets (46, 47) on which they were permitted to feed ad libitum. Two microcuries of [14C]amino acid were given in 0.5 ml formula or distilled water. Starved rats had been deprived of food for 48 hr before the experiment.
APPARATUS
Two different types of apparatus were used for the experiments, one for 3-day-old rats, and another larger model (51) for the 19-day-and 3-month-old animals. The smaller model, designed in our laboratory, has been described recently (43) . The expired air was collected into 15 ml ethanolamine-methyl Cellosolve (1:2), which trapped the expired CO, (34) .
All animals were killed by decapitation. Trunk blood was collected and centrifuged at 2,500 rpm for 25 min. Serum was stored at -40". Urine was collected and analyzed immediately for urinary nitrogen concentration. Livers were removed, bll weighed, and frozen on Dry Ice. Storage at -40" was mair until analyses were carried out.
PEPCK activity was determined according to the methods of Berndt and Ulbrich (5) and Czok and Eckert (9) . Serum glucose concentration was measured by an enzymatic micromethod (52) . Hepatic glycogen concentration was measured by the method of Good et al. (15) in which acid hydrolysis of the glycogen was followed by estimation of glucose by the enzymatic method. An aliquot of neutralized hydrolysate was taken and counted with 15 ml Aquasol (48) in a Packard Tri-Carb sciiltillation spectrometer, model 2002. To correct for the varying size of the hepatic free amino acid pools under the different experimental conditions, the relative specific activity of the newly synthesized glycogen was calculated as follows: disintegrations per rnin per mg glycogen i disintegrations per min per pmol alanine (or leucine) present in the liver free amino acid pool. A gas-liquid chromatography method was used for analyses of free amino acids as their N-trifluoroacetyl-n-butyl esters (14) . Total urinary nitrogen, contributed by both ammonia and urea, was determined by the microdiffusion method of Conway (7).
RESULTS

RESPONSE OF HEPATIC PEPCK TO STARVATION
During the 6-hr period of starvation, none of the activities measured in 3-day-old rat liver was statistically different from the control value of 126 * 20 pmol PEP/hr/g (mean SEM). On the other hand, 19-day-old rats responded to starvation with a significant ( P < 0.05) increase from the control level of 88 A 17 pmol PEP/hr/g to 296 8 at 6 hr. Relative changes in activity are shown in Figure 1 . Thus, the 3-day-old rat has a high basal level of PEPCK whose activity is not increased upon starvation. The lower basal activity of the enzyme in 19-day-old liver can, however, be stimulated by starvation.
EFFECT OF AGE ON UTILIZATION OF ["CIAMINO ACIDS
Serum glucose and liver glycogen concentration increased from 3 to 19 days of age. Although adult rats demonstrated a decrease in Three animals were used for each determination. 
Different from 3-day fed value, P < 0.01.
Different from fed control, P < 0.01. Different from 19-day fed value, P < 0.01.
Animals fed high fat, low carbohydrate diet.
basal serum glucose level compared with 19-day-old animals ( P < 0.05), no further change was observed in liver glycogen concentration (Table I) . Adult rats fed a low carbohydrate diet showed levels of serum glucose and liver glycogen concentration similar to those controls, which suggests the utilization of noncarbohydrate precursors for carbohydrate synthesis.
There was a decrease with age in the specific activity of liver glycogen ( P < 0.01) ( Table 2 ). As expected, the incorporation of
[14C]leucine into glycogen was less than that of I14C]alanine, but apparently the young animal can convert a portion of dietary leucine into a carbohydrate energy source. The carbohydratedeprived adults given [14C]alanine demonstrated greater activity in this liver fraction compared with the normally fed adults. In fed rats given [14C]alanine, 14C02 expiration, as a percentage of the absorbed dose, tended to decrease with ape, although differences were not statistically significant because of the small number of animals used (Fig. 2A) . The 14C02 production from [14C]leucine was, as anticipated, less than that from alanine, and also tended to decrease with age (Fig. 2B) .
EFFECTS OF STARVATION ON UTILIZATION OF [14C]AMIN0 ACIDS
Although starvation for 15 or 48 hr produced a decrease ( P < 0.01) in serum glucose of 19-day-old and adult rats, respectively, no change in serum glucose was observed in 3-day-old rats which were starved for 4 hr (Table I) . Similarly, there were no statistically significant differences in liver glycogen concentration between the fed and starved 3-day-old animals. Liver glycogen concentration in the 19-day-old and adult rats was affected, however, by starvation, with a significant (P < 0.01) decrease apparent (Table 1) .
When specific activity of liver glycogen was considered, nutritional manipulation had differential effects on the different age groups ( Table 2 ). The 3-day-old rat showed no significant change in incorporation of labeled amino acid into liver glycogen during starvation, whereas food restriction resulted in an increase in the relative specific activity of hepatic glycogen in both the 19-day-old and adult rat.
Starvation tended to decrease the percentage of labeled amino acid expired as CO, at all ages (Fig. 3, A and B) . Starved rats appeared to have a higher initial oxidation rate than fed animals, but this may be primarily a function of the [14C]amino acid being given in distilled water rather than in formula, thereby increasing the absorotion rate of the amino acid.
Urinary nitrogen concentration. an apparent measure of protein catabolism, increased significantly ( P < 0.01) between 3 and 19 days of age, with no further increase noted at 3 months (Table 3) .
DIETARY AMINO ACID UTILIZATION
Starvation ~roduced differential effects in the animals. with no DISCUSSION change bein'g observed in either the 3-day-or 3-month-old rats. A decrease was observed in the 19-day-old animals. An interesting observation was made when urinary nitrogen excretion was measured in adult carbohydrate-deprived rats.
Urinary nitrogen concentration was significantly higher (P < 0.01) than adult control values. These rats had a high gluconeogenic rate (indicated by specific activity of liver glycogen), and this is reflected in the increased urinary nitrogen concentration. This relationship is not found in the 3-day-old rats, who also have a high basal gluconeogenic rate, but whose level of urinary nitrogen is low. It is possible that the nitrogen produced via gluconeogenesis in the infant animal is conserved in the forms of nucleic acids and their precursors, whereas, in the adult, increased excretion of nitrogen accompanies gluconeogenesis.
The age of the animals studied in these experiments was an important consideration. Rats of 3 days, 19 days, and 3 months of age were selected for several reasons. Differences in protein metabolism have been demonstrated in 3-day-and 19-day-old rats (26) . Also, gluconeogenesis has been reported to be high in the young animal and lower in the older rat (44) . Adult animals were used to demonstra~e metabolic differences between the developing and mature animal. Thus, the three groups represented three levels of development: immaturity, a transition state, and the mature adult.
The time periods chosen for starvation were selected for several reasons. Dams wander away from the nest for periods of time, and the pups may be without food for as long as 4-6 hr (37). By the end of "physiologic" starvation for 4 hr, no milk is found in the 
Specific activity of amino acid in hepatic free amino acid pools.
Different from 3-day fed value, P < 0.005. Different from 19-day fed value, P < 0.01. Different from 19-day fed value, P < 0.02. Animals fed high fat, low carbohydrate diet.
stomachs of 3-day-old rats. Also, previous work in this laboratory has demonstrated a breakdown of liver polysomes after a fast of 4 hr in neonatal rats (27, 38) .
The starvation periods imposed on the older rats were also chosen on the basis of food content in their stomachs as well as on the liver polysome disaggregation known to occur at these times.
The adult animal has the capability to convert noncarbohydrate precursors to carbohydrates during starvation via the increased activity of transaminases and PEPCK (13, 16, 20) . Based on our results and those of others, it appears that under normal conditions, the infant rat has high levels of PEPCK. Our finding in preliminary studies that the basal activity of this regulatory enzyme decreases with age confirms the observations of Yeung et al. (45) and Hahn and Greenberg (17) .
Observations of enzyme activity in our studies suggested that starvation increased the activity of hepatic PEPCK in 19-day-old rats, but not in 3-day-old rats (Fig. I) . It is well known that starvation also induces an elevation of hepatic PEPCK activity in adult rats (12, 20) . The 19-day-old rat appears to respond, like the adult, to starvation with an increase in activity of the rate-limiting gluconeogenic enzyme. The increase in serum glucose and liver glycogen concentrations with age (Table 1) is probably a function of gluconeogenesis in early development, as well as an increase in dietary carbohydrate consumption as the animal is weaned onto the high carbohydrate diet of the adult. Our observation that the serum glucose level is higher in the 19-day-old rat than the adults is probably a result of two conditions: an increasing consumption of M~nutes of ter Administration of I4c -0lanine
M~nutes after Adrn~n~strat~on l4 C -1euc1ne Fig. 3. A: "CO, expiration in starved rats given ['4C]alanine: symbols as in Figure 2A . B: 14C0, expiration in starved rats given [14C]leucine: symbols as in Figure 2A . Table 3 . Effect ofage and nutritional status on urinary nitrogen it is obvious that active synthesis from amino acids is occurring, as concentration1 measured by its specific activity. In a recent paper, Aranda and Herrera (2) have found essentially Group Urinary nitrogen, rng N/ml the same effect, using pyruvate as substrate. In their experiments, all animals were starved for the same period of time (24 hr Figure 4 .
Different from 3-day fed value, P < 0.01. Different from fed control, P < 0.01.
dietary carbohydrate as the rat begins to sample the maternal diet, coupled with a still relatively high basal level of gluconeogenesis. Thus during the early development of the rat a relatively high percentage of dietary amino acids is directed toward glycogen formation, as well as toward general oxidation. A s the animal matures, his need to maintain a high basal rate of gluconeogenesis decreases as his intake of dietary carbohydrate increases (17, 40) ; there is a concomitant decrease in PEPCK activity (17) .
Our results also indicate that metabolic patterns in young rats appear to be basically unchanged when periods of starvation are imposed upon them. An acute starvation period had no effect on the activity of PEPCK. Blood glucose and liver glycogen levels remained essentially the same as the control values. It appears that the combination of (1) continued synthesis of carbohydrate from amino acids during starvation and (2) the relatively low utilization rate of blood glucose (1, 19, 24, 41) would explain the unaltered level of serum glucose found in these animals after 4 hr of starvation. Glycogen synthesis from amino acids does not change during starvation of 3-day-old rats. Oxidation of amino acids decreases slightly. Urinary nitrogen concentration remains at the low levels of nonstarved rats.
In contrast, our results show that both 19-day-and 3-month-old rats respond dramatically to periods of starvation. Weanling rats demonstrate a large increase in the activity of PEPCK during 6 hr of starvation. At the same time, liver glycogen levels decrease but -We wished to find out what the effect of weaning an animal onto the same type diet he consumed during the suckling period, i.e., high in fat and low in carbohydrate (18) would be. As has been shown in these studies, glycogen synthesis from amino acids is maintained at a rate higher than normally fed adult controls, and blood glucose and liver glycogen levels are normal. This indicates a greater utilization of noncarbohydrate substances for energy production.
Nitrogen excretion is generally considered to be a measure of protein and/or amino acid catabolism. The urea cycle is functional in rats older than about 14 days of age, as has been demonstrated by Illnerova and colleagues (22) . The appearance of liver arginase and the increase in ornithine transcarbamylase at 14 days of age appears to be the trigger for operation of the cycle as the method of nitrogen removal from the liver (23) .
As has been shown in these and other studies, urinary nitrogen concentration increases with age. When combined with the well known observation that urinary flow also increases with age (21), it is apparent that total urinary nitrogen excretion is lower in the neonate than the adult. Given that gluconeogenesis is high postnatally, what becomes of the nitrogen that is lost from the amino acids? Previous studies done in our laboratory indicated that the young animal tends to conserve nitrogen; nitrogen balance studies with 1-5-day-old rats showed that the rat maintained positive nitrogen balance even on a 0.6% protein diet (8, 27) .
Recent unpublished studies (36) done in our laboratory demonstrated low hepatic levels of N H , in both fed and 15-hr starved 6-day-old rats. Concentrations of 11.4 & 2.7 and 12.2 3.4 mg NH,-N/mg D N A were measured in the two groups, respectively. Starvation for 15 hr produced no change in this concentration (P > 0.05). It appears that the animal tends to conserve nitrogen compounds in its tissues. Possibly, the requirement for nucleic acid synthesis (33) , necessary for a tissue in hyperplastic growth, serves as a sink for the nitrogen produced by gluconeogenesis or amino acid catabolism.
It is interesting to note that the carbohydrate-deprived adults, utilizing the process of gluconeogenesis from amino acids for energy production, have a significant increase in urinary nitrogen excretion, in contrast to the results obtained from the newborn rats.
This further suggests that the young animal utilizes the nitrogen rather than excreting it. If this is true, it is possible that the increased protein requirement of the neonatal rat is related not only to the demands of tissue protein synthesis, but also perhaps to the need of the neonatal rat for carbon for glucose, and nitrogen for nucleotide biosynthesis. This is in contrast to the argument of Hahn and his colleagues that the high nitrogen requirement is principally for tissue protein synthesis and that all of the energy needs of the developing rat are met by the utilization of fat (19) . In addition to the data provided in this study, support for our contention can also be calculated from measured food intake and energy requirements of growing rats.
As shown in Table 4 , based upon earlier data from our laboratory (1 I), 54% of dietary protein and 59% of dietary fat is not incorporated into body mass, and is either excreted or utilized for energy production. Hahn contends that since a maximum of 0.8 call24 hr can be obtained from protein, it is not a source of energy for the postnatal rat. Using our food intake data and the Rats were fed 28 ml of 10% protein formula from birth to 7 days of age.
Change in amount from birth to 7 days of age.
observation that only a small proportion of nitrogen is excreted, we can calculate the same figures: In contrast to Hahn's contention that dietary protein accounts for little of the caloric needs of the animal, we contend that the 25% of daily caloric needs provided by dietary protein is not an insignificant contribution. Moreover, if amino acid supply is limited, the animal's survival may be jeopardized not only by the lack of a nitrogen source necessary for protein synthesis and other essential metabolic compounds, but also by an energy deficit.
SUMMARY
That the infant rat maintains a higher gluconeogenic rate than the adult animal has been demonstrated clearly in this report. The concept of diet composition as an important regulator of the developmental process is an interesting one. The young animal requires dietary amino acids not just for growth, as has been previously assumed, but also as a source of energy. The relatively high dietary protein requirement may also be a reflection of the animal's need to conserve nitrogen as a source of nucleic acid for hyperplastic growth.
Also, this nonresponsiveness to short term starvation indicates that the young rat is at the mercy of a continuous supply of substrate, and that it has a limited capacity for directing substrate flow within the liver in response to dietary changes. Thus, survival in conditions of starvation is much more limited in the young animal than in the adult, who is able to recognize a stressful situation and switch his mode of operation from "maintenance" to "survival."
